Introduction
The Weichselian Lateglacial and the early Holocene were characterised by rapid, short-term climatic variations, seen in numerous geological archives around the Northern Hemisphere. Hypotheses to explain these rapid climate fluctuations, which had a distinct impact on terrestrial and marine environ-ments, focus on internal factors (e.g. changes in the thermohaline circulation) (Bjö rck et al., 1996; Broecker, 1998 Broecker, , 2003 Hughen et al., 1998 Hughen et al., , 2000 as well as external factors (e.g. solar forcing) Bond et al., 2001; Goslar et al., 2000; Renssen et al., 2000; van der Plicht et al., 2004) . However, to understand the trigger or forcing mechanism that may have initiated these rapid climate changes, it is crucial to map their spatial occurrence and timing and to link the changes observed in different archives on a common and high-resolution timescale. This approach would help decipher the environmental impact of climatic fluctuations in different regions and would enable the testing of hypotheses of synchroneity/asynchroneity between different records. This seemingly straightforward procedure is, however, limited by problems of radiocarbon dating marine and terrestrial sequences during this time interval (e.g., Gulliksen et al., 1998; Lowe and Walker, 2000; Bjö rck and Wohlfarth, 2001; Bjö rck et al., 2003) and by the paucity of annually resolved archives. Recommendations by the INTIMATE group 1 to solve some of these issues include the use of the Greenland Ice Core (GRIP) event stratigraphy as a template and the search for timesynchronous tephra horizons in ice cores and marine and terrestrial records Walker et al., 1999; Walker, 2001) . By correlating chronologically well-constrained sequences to the GRIP template, leads or lags in environmental response as inferred from palaeoarchives in different regions may be evaluated.
Techniques for the detection of tephra layers have changed considerably over the last 10 years with the detection of cryptotephras (Lowe and Hunt, 2001) (horizons that contain a low concentration of volcanic glass shards, all or most of which are <100 mm in size) in areas far more distal to the source volcanoes than previously realised. Cryptotephras can be used as time-synchronous marker horizons if the fallout occurred within one or two years, there has been no reworking or geochemical alteration of the volcanic ash after deposition and the tephras have well characterised geochemical signatures. The introduction of extraction techniques, particularly a density separation method for minerogenic sediments (Turney, 1998b) has greatly extended the geographical distribution of some Lateglacial rhyolitic tephras that were previously delimited by visible occurrences in proximal areas. For instance, the Vedde Ash (10 300 14 C yr BP; Birks et al., 1996; Wastegård et al., 1998) has now been traced into lacustrine sediments in Scotland, Sweden, Arctic Norway, northwest Russia and the Netherlands (Turney et al., 1997; Wastegård et al., 1998 Wastegård et al., , 2000a Davies et al., 2005; Pilcher et al., 2005) . In addition, careful examination of sequences has revealed the presence of new, previously undetected tephras that are currently only identified in cryptotephra form. One such example is the Borrobol Tephra, initially identified in Scottish lacustrine sequences (Turney et al., 1997) but subsequently detected within marine sediments from the Icelandic plateau (Eiriksson et al., 2000) and terrestrial records in southern Sweden-one of which is under investigation here (Davies et al., 2003) . The discovery of the Borrobol Tephra not only provides an additional marker horizon for correlation purposes during the early Lateglacial but adds considerably to our knowledge of the European tephrochronology framework during this time. A number of other so-called 'new' tephras of Lateglacial age have been identified in the last few years (e.g. Eiriksson et al., 2000; Haflidason et al., 2000; Davies et al., 2003; Mortensen et al., 2005) , and thus at present over 30 tephras from the four main volcanic provinces in Europe, are potentially available for precise correlation of terrestrial, marine and ice-core sequences that span the Lateglacial and early Holocene (Davies et al., 2002) .
The application of tephrochronology, however, is not without problems, as exemplified by the Lateglacial/early Holocene lake sediment sequence discovered at Hässeldala port in southernmost Sweden (Fig. 1 ). This 77 cm long sequence provides a unique Lateglacial record containing five distinct tephra layers, three of which have been geochemically identified as the Borrobol Tephra (BT), the Hässeldalen Tephra (HDT) and the 10-ka Askja Tephra (AsT) (Davies et al., 2003) . The remaining geochemically unidentified tephra horizons have been tentatively assigned to the Laacher See and Vedde Ash fallout, respectively (Davies et al., 2003) . In a previous publication we presented arguments, based on pollen and radiocarbon evidence, for an age assignment of the BT at the late Older Dryas/very early Allerød (GI-1d/GI-1c) boundary (Davies et al., 2004b) , which contrasts with British and Icelandic records indicating tephra deposition around the Oldest Dryas/Bølling transition (GS-2/ GI-1) (Turney et al., 1997; Lowe et al., 1999; Eiriksson et al., 2000) . This age discrepancy has raised the possibility that there may have been more than one BT, indistinguishable by major element geochemistry, deposited during this time interval (Davies et al., 2004b) . Indeed, recently published evidence for a 'Borrobol-like tephra' horizon in a Scottish lake sediment sequence dating to ca. 13 610 cal. yr BP and attributed to the early Allerød (Ranner et al., 2005) , seems to lend support to this hypothesis. The possible presence of two geochemically identical ash layers during this time period emphasises that regional tephrochronology frameworks need to be underpinned by supplementary geochemical data (e.g. trace and rare earth element analysis) and by a comprehensive chrono-and pollen stratigraphic framework (Turney et al., 2004) .
Although the age of the BT as identified at Hässeldala port has been discussed in detail elsewhere (Davies et al., 2004b) , the aim of this article is to employ a more comprehensive 14 C data set to re-address the BT age estimate and provide ages for the remaining tephras found at this site. First we present a correlation of the local pollen assemblage zones to the regional pollen stratigraphy for southern Sweden, so that the tephra layers are placed within a regional context. Secondly, we employ three different age-depth models based on Bayesian statistics and evaluate their ability to provide a robust chronostratigraphic framework for the tephra layers and the Lateglacial pollen zone boundaries.
Methods
Sediment cores were obtained at Hässeldala port during the spring of 2001 (cores 1 and 2) and during the autumn of 2002 (core 3) with a Russian corer (7.5 cm diameter, 1 m length) ( Fig. 1(C) ). The cores were wrapped in plastic and kept in cold storage until sampling was undertaken. The first tephrochronological investigations performed on core 1 and reported by Davies et al. (2003) clearly showed the potential of the site for further and more detailed investigations. As a follow-up study, sub-sampling for total carbon (TC) was undertaken on cores 1, 2 and 3, terrestrial plant macrofossils for AMS 14 C measurements were extracted from core 2 and samples for pollen analysis were taken from core 3. In addition, the stratigraphic position of the cryptotephras was determined for cores 2 and 3 to aid core correlations. TC was measured in contiguous 1-cm samples using a CS 500 carbon/sulphur analyser. Cryptotephra investigations of the minerogenic Lateglacial sediment followed the density separation method outlined in Turney (1998a) and the more organic early Holocene sediments were subjected to the ashing technique and dilute alkali treatment outlined by Pilcher and Hall (1992) , Pilcher et al. (1996) and Rose et al. (1996) , respectively. Samples prepared for microprobe analyses were subjected to an acid digestion technique (Dugmore et al., 1995) and the geochemical results are reported in Davies et al. (2003) .
Pollen preparation followed the methods outlined in Berglund and Ralska-Jasiewiczowa (1986) . Pollen and spores were counted at Â 400 magnification and identified with the aid of keys in Moore et al. (1991) and in comparison with the reference collections at the Department of Physical Geography and Quaternary Geology, Stockholm University. The pollen diagram was constructed in Tilia and Tilia Graph (Grimm, 1991 (Grimm, , 1992 and the local pollen assemblage zones (LPAZ) HÄ P 1-7 were established with CONISS (Grimm, 1987) .
Sediment slices 1 to 3 cm thick were sieved (0.25 mm mesh) under running water and a low-powered dissecting microscope was used to select and identify terrestrial plant macrofossils. The samples were placed in clean glass bottles, dried at 110 C and analysed with the EN-tandem accelerator (Possnert, 1990) at Uppsala University. Pre-treatment followed the standard acid-alkali-acid procedure (Bjö rck and Wohlfarth, 2001) . However, two of the small samples (Ua-16761 and Ua-16766) were only pretreated with 10% HCl because alkali treatment would have led to loss of material. Prior to the accelerator measurement the dried material (pH 4) was combusted to CO 2 and converted to graphite using a Fe-catalyst reaction. A small fraction of approximately 0.05 mg carbon of the CO 2 gas was used for measurement of the natural mass fractionation, 13 C, in a conventional mass spectrometer (VG OPTIMA).
During periods with highly variable atmospheric 14 C concentrations, calibration of individual dates results in very large possible calendar age intervals. To constrain the calibrated ranges, sequences of closely spaced 14 C dates can be calibrated simultaneously against the calibration curve IntCal04 (Reimer et al., 2004) in a Bayesian framework using assumptions such as linear accumulation rate or chronological ordering. Three different age-models (A-C) were constructed using Bayesian calibration approaches, which match 14 C dates to the IntCal04 calibration curve, using prior information specified below, but excluding biostratigraphical information. Model A (using the software Bpeat) (Blaauw and Christen, 2005) assumes linear accumulation of the entire sequence and a prior probability of 5% of a 14 C date being an outlier. 14 C measurements derived from corroded plant remains were, however, given a much higher prior outlier probability of 50%. Model B uses the same assumptions as model A, but divides the 14 C sequence into three sections, which are wiggle-matched against the radiocarbon calibration curve, allowing for shortlasting hiatuses of up to 100 yr. Bpeat has an in-built dependency of accumulation rates between sections. Given the large possible accumulation rate variations of the sequence, the dependency was here set at very low levels (effectively assuming no dependence of accumulation rates between sections). Model C does not assume linear accumulation, but uses the less stringent assumption of chronological ordering of the dated levels, i.e. the calendar age increases with depth. Prior outlier probabilities were set at 50% for 14 C measurements on corroded plant material, and at 5% for the other dates, as in models B and C. Calculations were performed using Bcal (Buck et al., 1999) .
Results
Lithostratigraphy, core correlation, tephra horizons and pollen stratigraphy Cores 1, 2 and 3 were correlated with each other by lithostratigraphy, stratigraphic marker horizons and wiggle-matching of the high-resolution TC curves (Fig. 2) . The correlation shows that the sedimentation rates in cores 1 and 2 are comparable, whereas core 3, which is the longest and deepest sequence, has higher sedimentation rates. Such marked differences between nearby sequences are fairly common for small Lateglacial basins in southern Sweden, where erosion and bedrock topography has a strong influence on the sedimentation rate. Figure 2 Lithostratigraphy and total organic carbon curves for sediment cores 1, 2 and 3 from Hässeldala port. The correlation between the three cores is based on wiggle-matching the TC curves. The cryptotephra layers found in the three sequences are indicated by dashed lines. BT ¼ Borrobol Tephra, Indet. ¼ unidentified tephra, HDT ¼ Hässeldalen tephra, AsT ¼ Askja Tephra 324 JOURNAL OF QUATERNARY SCIENCE Figure 3 Summary pollen percentage diagram for core 3 at Hässeldala port (modified after Davies et al., 2004b) and correlation of the local pollen assemblage zones to the regional pollen stratigraphy of Bjö rck (1979 Bjö rck ( , 1984 All three cores show a gradual increase in TC content in the basal sandy, silty and clayey sediments (units 1, 2, 3B), a more marked increase at the transition to the clay gyttja in unit 3A, fluctuating values in the gyttja layers of units 4 and 5 and a slight decrease in unit 6. Subsequent to the distinct peak in unit 7, TC declines and has fairly low and stable values in unit 8. The renewed, rapid increase in TC during unit 9 is followed by high, but fluctuating values in units 10-12 ( Fig. 2) . These fluctuations include a distinct TC minima in sediment unit 11 at 244-241 cm (core 1), 250-248 cm (core 2) and 316-313 cm (core 3), respectively. TC is generally assumed as a measure of lake productivity and intervals with lower/higher values may thus correspond to periods with lower/higher lake productivity. Geochemical identification of the tephra horizons was undertaken on samples from core 1 and the results are reported in Davies et al. (2003) . Only the peak shard concentrations were determined in cores 2 and 3. The BT occurs at a depth of 303 cm in core 1, at 302 cm in core 2 and at 394 cm in core 3, just below the transition between sediment units 2 and 3B (Fig. 2) . The two unidentified tephra layers were only detected in core 1 at depths of 278 cm (sediment unit 6) and 266 cm (sediment unit 8) respectively. Low shard concentration (Davies et al., 2003) and the uneven distribution of tephra horizons in general, may explain why these cryptotephras were not found in cores 2 and 3. The HDT, found in core 1 at 247 cm and in core 3 at 321-322 cm, lies on the slope of the increasing TC curve, at the transition between sediment units 9 and 10. The youngest tephra of the Hässeldala sequence, the AsT occurs at a depth of 238 cm in core 1 and at 308-310 cm in core 3.
The pollen stratigraphy, which was established on core 3 ( Fig. 3) , covers the sediments between 400 and 300 cm depth and thus extends from the middle part of sediment unit 2 to sediment unit 12. The LPAZs HÄ P 1-7 are described in Table 1 and correlated to the regional pollen stratigraphy for southeast Sweden (Bjö rck, 1979; Bjö rck and Mö ller, 1987; Bjö rck et al., 1996) . The correlation shows that the analysed part of the sequence encompasses the regional Older Dryas, Allerød, Younger Dryas and Preboreal pollen zones. A distinct characteristic of the Older Dryas pollen zone in southeast Sweden is the first occurrence of Hippophaë pollen (HÄ P 1), which is followed by an increase in Juniperus (Allerød I) and Empetrum pollen percentages (Allerød II) (HÄ P 2, 3) (Bjö rck, 1979 (Bjö rck, , 1984 (Fig. 3 ). The distinct increase in Artemisia pollen values along with a decline in Empetrum (HÄ P 4), can be observed in all south Swedish pollen diagrams covering this time interval and marks the Younger Dryas pollen zone (Berglund et al., 1994; Bjö rck et al., 1996) . The renewed rise in Empetrum pollen percentages and the coincident decline in Artemisia pollen values (LPAZ HÄ P 5) has formerly been attributed to the upper part of the Younger Dryas pollen zone and was named YD III (Bjö rck, 1979; Bjö rck and Mö ller, 1987) or 'Younger Dryas-Preboreal transition zone', but is now assigned to the beginning of the Preboreal pollen zone (Bjö rck et al., 1996) . High pollen values for Betula and Pinus and a decrease of non-arboreal pollen (LPAZ HÄ P 6, 7) are characteristic of the middle and upper part of the Preboreal pollen zone. In addition, the distinct increase in Salix pollen values at 314 cm in HÄ P 6, which coincides with a decline in Pinus pollen percentages ( Fig. 3) , can be related to the Preboreal Oscillation (PBO) as defined by Bjö rck et al. (1997) for southern Sweden.
The LPAZs established on core 3 can be tentatively transferred to cores 1 and 2 through a correlation of the three TC curves (Figs 2 and 4 ). This correlation indicates that a minor increase in TC in all three cores and thus in lake productivity occurred before and during the Older Dryas pollen zone. Lake productivity increased during Allerød I, but declined again shortly in Allerød II. This decline could possibly be associated with the so-called 'Gerzensee Oscillation' (Lotter et al., 1992; Andresen et al., 2000) . The distinct peak in TC visible in all three cores during the upper part of HÄ P 3 is characteristic for many lake sediment sequences in south Sweden (Berglund et al., 1994) . It may reflect increased lake productivity, but could also be due to increased inwash of terrestrial plant material. During the regional Younger Dryas pollen zone inferred lake productivity remained low, but increased again rapidly during the early Preboreal (Fig. 4) . A phase with distinctly lower TC values is visible in HÄ P 6 (244-241 cm in core 1; 250-248 cm in core 2; 316-313 cm in core 3) and coincides Table 1 Correlation of the local pollen assemblage zones (LPAZ) at Hässeldala port, core 3 with the regional pollen stratigraphy for Blekinge, southeast Sweden (Bjö rck, 1979; Bjö rck and Mö ller, 1984) . The original YD III pollen zone is now placed within the Preboreal pollen zone (Bjö rck et al., 1996) 
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JOURNAL OF QUATERNARY SCIENCE Figure 4 Correlation of the local pollen assemblage zones (LPAZ) HÄ P 1-7 in core 3 to corresponding levels in cores 1 and 2, based on wiggle-matching of the TC curves (see Fig. 2 ). Details on the 14 C measurements from core 2 are shown in with the change in pollen spectra discussed above and attributed to the PBO. The correlation between cores 1-3 ( Fig. 4) shows that the BT falls at the very end of the Older Dryas pollen zone as discussed previously by Davies et al. (2004b) . The older of the two unidentified cryptotephras (Indet-1), discovered in core 1, occurs in the Allerød II pollen zone, during an interval with lower TC values, which may correspond to the Gerzensee Oscillation. The second unidentified tephra (Indet-2) is assigned to the early part of the Younger Dryas pollen zone and the two youngest tephras (HDT, AsT) to the Preboreal pollen zone. The HDT, which has been found in cores 1 and 3, occurs shortly before the PBO and the AsT falls shortly after the PBO.
Age models
The radiocarbon ages obtained earlier on core 2, between 323 and 270 cm depth (Davies et al., 2004b) are here supplemented by eight new measurements between 270 and 246 cm. A total of 28 radiocarbon measurements are thus available for the entire sequence, ranging from ca. 12 600 to ca. 9600 14 C yr BP (Table 2) . Plotted against depth, the 14 C dates follow the general trend of Lateglacial and early Holocene 14 C variations with several short and longer 14 C plateaux (Reimer et al., 2004) (Fig. 4) . The age-depth curve, however, indicates that some of the measurements may have yielded ages that are too old (Ua-20511, 20514, 20515, 20516) or too young (Ua-16740, 16747, 16752) . Indeed, samples Ua-20514, 20515 and 20516 contained heavily corroded leaves and leaf fragments ( Table 2) , which are most likely reworked from older sediments. Samples that appear to have too young ages may be related to small sample size which increases the possibility of contamination by recent material .
In model A the 14 C measurements were wiggle-matched to the IntCal04 calibration curve (Reimer et al., 2004) in the program Bpeat (Blaauw and Christen, 2005) , by assuming linear accumulation of the entire sequence and excluding lithostratigraphic information (Fig. 5(a) and (d) ). Prior assumptions were that (i) accumulation rates range between ca. 20 and 80 yr cm À1 , but that lower and higher accumulation rates are possible, albeit less likely; and (ii) prior outlier probabilities were 50% for those measurements which included corroded plant material (Table 2) , and 5% for other measurements. Model results show that not all 14 C dates (1 s.d. error bars) overlap with the IntCal04 calibration curve (Fig. 5(a) ) and that the fit F is 83.84% (see Blaauw and Christen, 2005) . In particular, 14 C dates Ua-16752, Ua-16747, Ua-20528, Ua-20527, Ua-20520, Ua-20516, Ua-20512 and Ua-20510 obtained high posterior probabilities of being outliers, while of these dates only Ua-20520 and Ua-20516 contained corroded plant material (Table 2) . Other dates with corroded plant material (Ua-20514 and Ua-20515) fall on the calibration curve. The estimated accumulation rate for the entire sequence was ca. 53 yr cm À1 .
In model B the sequence was subdivided into three sections, assuming linear accumulation within each section, and wigglematched to IntCal04 using the program Bpeat ( Fig. 5(b) and (e)). Division levels were not fixed to certain depths, but were estimated automatically by the software. In addition, this match was solely based on the 14 C dates and prior information as in Fig. 5(b) ), but gave the following outliers: Ua-16752, Ua-16740, Ua-20516 and Ua-20514. Only the last two samples contained corroded plant material and were thus suspected of being too old beforehand. For model C, which was computed in Bcal (Buck et al., 1999) , the entire sequence was matched against the IntCal04 calibration curve, assuming chronological ordering (Fig. 5(c) and (f)). Samples Ua-16747, Ua-16750, Ua-20515 and Ua-20516 did not match the calibration curve within their 1 s.d. error bars, but only samples Ua-20515 and Ua-20516 had been assumed to be too old beforehand (Table 2) . The Bayesian modelling techniques described above use thousands to millions of so-called Markov chain Monte Carlo (MCMC) iterations to derive estimates of the parameters involved in an age model. Besides estimating calendar ages for the 14 C dated levels (i.e. the pollen zone boundaries HÄ P 2/3, HÄ P 3/4, HÄ P 4/5 and HÄ P 5/6), these methods can also be used to estimate the ages of non-14 C dated levels (i.e. pollen zone boundaries HÄ P 1/2 and HÄ P 6/7, and tephras BT and HDT). For models A and B, calendar age estimates for nondated levels within the 14 C sequence were straightforward as these models are based on piecewise, linear accumulation. For model C, calendar ages for the non-dated levels were estimated through providing relative information, i.e. Bcal was for example informed that the BT horizon is older than date Ua-20516, but younger than Ua-20515. The tephra horizon AsT, however, is assumed to be located 2-3 cm above the 14 C dated part of core 2 (Fig. 4) , and therefore needed an extrapolation to obtain an age estimate. For models A and B we simply extrapolated the MCMC-derived age-estimate to the required depth of AsT. We are aware that extrapolation is dangerous, and that the corresponding age estimate for AsT should be considered with caution. For model C a sensible upper age limit to constrain the age of AsT is missing. Therefore, its calendar age distribution could not be calculated for model C. Davies et al. (2004b) presented and discussed three different age models for the BT at Hässeldala port, based on visual wiggle-matching of the 14 C dates to the Cariaco Basin data set (Hughen et al., 1998 (Hughen et al., , 2000 and on a Bayesian probability approach using the Cariaco (Hughen et al., 1998 (Hughen et al., , 2000 and Lake Suigetsu (Kitagawa and van der Plicht, 2000) time series. These age models included fewer 14 C dates than the age models presented here and estimated the age of the BT to ca. 13 900 Cariaco varve years BP (visual match) and 14 450-13 800 and 14 331-13 667 cal. yr BP, respectively. The Bayesian approach adopted here includes wiggle-matching of a total of 28 14 C dates to the new IntCal04 calibration curve (Reimer et al., 2004) under the assumptions of linear accumulation (Model A), linear accumulation between sections (Model B) and chronological ordering of 14 C dates (Model C).
Discussion
Although the 14 C wiggle-match in Model A gives a rather nice fit to the radiocarbon calibration curve (Fig. 5(a) ), the fit F of 83.83% is clearly below the >90% fit suggested by Blaauw and Christen (2005) . 14 C dates from the lower end of the sequence and between 12 500 and 11 000 cal. yr BP appear to be outliers. The grey-scale graph in Fig. 5(d) displays a very narrow uncertainty range, but considering that the age model only uses one single section to fit the dates to the calibration curve, this model might give an 'illusionary precise picture', as it might have forced dates to certain calendar ages. In Model B (Fig. 5(b) ), which has a fit F of 93.45%, two dates around 13 500 cal. yr BP and dates around 12 500 and 11 500 cal. yr BP are the only outliers. As can be seen in Fig. 5(e) , this model has rather large uncertainty ranges, which can be explained by the fact that it subdivided the sequence into three sections (with variable division depths), which in turn resulted in many different possible solutions. Model C is only constrained by chronological ordering (Fig. 5(c) and (f) ) and results in a nice match of most 14 C dates. Outliers in this model are related to those 14 C measurements which were beforehand suspected of being too old.
The comparison between the three models ( Fig. 5(a )-(f) shows, that model A gives narrow confidence intervals ( Fig. 5(d) , Table 3 ), but that it has some clear disadvantages (low fit F, unexpected outliers, assumption of linear accumulation of the entire core) over models B and C. Also the assumption of linear accumulation over long periods (e.g. an entire sequence), is not applicable for lake sediments, where sediment composition and sedimentation rates change rapidly and shorter hiatuses may be frequent. Models B and C show partly similar results but model C uses fewer assumptions than model B and does not allow extrapolation beyond the dated range. The confidence intervals for pollen zone boundaries and tephra horizons (Figs 6 and 7, Table 3 ) provided by model B are, with a few exceptions, narrower than those of model C. Thus, given the clear limitations of model A, we focus in the following discussion only on the calendar-year estimates given by models B and C.
The boundary between the Older Dryas/Allerød regional pollen zone (HÄ P 1/HÄ P 2) is estimated to 13 934-13 666 cal. yr BP (model B) or 14 226-13 808 cal. yr BP (model C) (Table 3) , which corresponds approximately in time to the transition from GI-1d to GI-1c in the GRIP event stratigraphy Table 3 Calendar-age estimates (95% confidence intervals) for tephra horizons, local and regional pollen zone boundaries at Hässeldala port derived from age models A and B (see also Figs 4 and 5(a)-(f). BT ¼ Borrobol tephra, Indet ¼ unidentified tephra, HDT ¼ Hässeldala Tephra, AsT ¼ 10-ka Askja Tephra, HÄ P ¼ local pollen zones, OD ¼ Older Dryas, AL ¼ Allerød, YD ¼ Younger Dryas, PB ¼ Preboreal Walker et al., 1999) . The BT occurs at the very end of the Older Dryas pollen zone and is given an age estimate of 14 013-13 713 cal. yr BP (model B) or 14 259-13 833 cal. yr BP (model C) (Fig. 6 , Table 3 ). These estimates provide improved constraints on the age limits of the BT as compared to Davies et al. (2004b) and confirm the earlier hypothesis that the BT found at Hässeldala port is considerably younger than indicated from other European sequences Eiriksson et al., 2000) . It seems to correspond in time with a 'Borrobol-like' cryptotephra, recently discovered in northwest Scotland and attributed to the early Allerød (Ranner et al., 2005) . The lower of the two unidentified tephras (Indet-1) falls within the regional Allerød II pollen zone (HÄ P 3), just before the rise in TC content seen in all three sequences ( Fig. 4) and is estimated to 13 239-13 049 cal. yr BP (model B) or 13 207-12 964 cal. yr BP (model C) (Fig. 6 , Table 3 ). The litho-and pollen stratigraphic position of the tephra horizon could indicate that it is a correlative of the Laacher See Tephra, which has been traced in, for example, Switzerland at the end of the Gerzensee Oscillation (Lotter et al., 1992 (Lotter et al., , 1995 .
The transition between the regional Allerød II/Younger Dryas pollen zone (HÄ P 3/HÄ P 4) has an age estimate of 13 065-12 623 cal. yr BP (model B) or 13 021-12 841 cal. yr BP (model C), which is close to the age for the boundary between GI-1a and GS-1 Walker et al., 1999) . The second unidentified tephra (Indet-2) correlates to the lower part of the regional Younger Dryas pollen zone and is estimated to 12 860-12 196 cal. yr BP (model B) or 12 906-12 375 cal. yr BP (model C) (Table 3 ). This age assignment makes it significantly older than the accepted age of the Vedde Ash (10 300 14 C yr BP or 12 000 GRIP ice core yr BP; Grö nvold et al., 1995; Birks et al., 1996; Wastegård et al., 1998) . Without any geochemical information it is difficult to determine the origin of this tephra, although a tephra of early Younger Dryas age and older than the Vedde Ash has been identified in Sluggan Bog ).
The regional Younger Dryas/Preboreal (HÄ P 4/HÄ P 5) pollen zone boundary has an age estimate of 11 722-11 406 cal. yr BP (model B) or 11 876-11 293 cal. yr BP (model C), which is close in time to the transition between GS-1 and the Holocene Walker et al., 1999) . The two youngest tephras (HDT, AsT) bracket the PBO and are recorded just below and above this climatic shift (Figs 3 and 4) . The position of the HDT and AsT, before and after the PBO makes them potentially useful for time-synchronous correlations in various parts of Europe. The HDT is estimated to 11 543-11 232 cal. yr BP (model B) or 11 596-11 164 cal. yr BP (model C) and the AsT to 11 050-10 570 cal. yr BP (model B) (Table 3) .
Constructing robust chronologies for Lateglacial lake sediment sequences such as Hässeldala port by the application of high-resolution 14 C dating, tephra horizons and Bayesian probability methods is evidently not a straightforward procedure. The errors associated with radiocarbon dating (Bjö rck and Wohlfarth, 2001) and calibration procedures are further confounded by uncertain sedimentation rates within lacustrine environments that may vary considerably due to topographic, climatic and environmental conditions. In addition, short hiatuses are often very difficult to detect and thus, in the absence of an annually laminated sequence, it is impossible to determine the sedimentation rates and the degree of variability with any degree of confidence during the Lateglacial period. Taking account of these limitations and including these as prior assumptions are critical for the establishment of valid and 'realistic' age models. This information is not always easy to incorporate into the exercise of constructing age-depth models and is as such often overlooked. The Bayesian probability methods outlined in this paper, however, in which these prior assumptions are incorporated represent the best available approach for the derivation of a robust high-resolution age-depth model for the Lateglacial period. Even so, this exercise has emphasised that it is difficult to solely use one model as limitations are recognised in all approaches. For instance, Model B might place too much confidence on the assumption of linear accumulation, an assumption which is probably unrealistic since rapid and large environmental changes occurred during this time period. On the other hand, the fact that 14 C ages could be imprecise would warrant against using model C, as this model perhaps places too much confidence on the dates being correct, and correspondingly infers changes in accumulation rate between each dated level. With our current level of information we cannot state which of the two models pro-vides the best age estimates. Accordingly the age ranges provided by models B and C are much larger, thus creating difficulties for precise correlations to other archives to determine leads/lags. Nevertheless, this exercise provides the best constrained, statistically reliable age estimates for the five tephra layers and the local pollen zones. Our results further support the position of the BT as found in southern Sweden at the end of the Older Dryas pollen zone and provide the first age estimates and pollen stratigraphic position for the 10-ka Askja and Hässeldalen tephras. This framework can be used for tracing these tephras in other palaeoclimatic sequences. Furthermore, our study highlights the dangers of solely accepting one age model for the derivation of a robust, statistically constrained chronology that can be compared to other palaeoarchives. Different age models will result in different age estimates and depending on the model that was chosen, published age estimates will probably be incompatible between sequences. A possible solution to this problem could be to radiocarbon-date a sequence with ultra-high resolution, to measure each radiocarbon sample long enough to increase its precision and to explore a number of different age-depth models so that various scenarios and factors can be incorporated into each model and evaluated individually. In addition, tephra horizons can be employed as isochronous marker horizons on a continent-wide scale (Turney et al., 2004) which can preclude some of the uncertainties associated with the construction of 14 C age-depth models. Tephrochronology, however, is also subject to uncertainties as shown here in the JOURNAL OF QUATERNARY SCIENCE case of the BT tephra. There is therefore, clearly a need for the application of a more diagnostic geochemical technique, for example, trace element analysis by Laser Ablation-Inductively Coupled Plasma Mass Spectrometry (Pearce et al., 2004) as well as deriving independent age estimates for these tephra horizons by their identification within the Greenland ice cores or annually laminated sequences. These approaches may then provide key time-synchronous correlations between different palaeoclimatic archives (Davies et al., 2004a; Mortensen et al., 2005) . However, as the search for tephra and more specificially cryptotephra horizons is still at an early stage within such records, it is not currently possible to trace the same tephra horizons as tie points in all geological sequences due to variable dispersal patterns and taphonomic processes operating at a local scale. Consequently, radiocarbon dating is still an integral part of providing age estimates for tephra horizons and for constructing age-depth models during the Lateglacial period. Although the age ranges for the tephra horizons outlined here are large, the Bayesian probability methods followed provide the best constrained and statistically significant age estimates that are currently available given the uncertainties associated with constructing age-depth models during the Lateglacial period.
